Introduction
In earlier studies, we were able to show that the treatm ent of plants with PPT brings about an ir reversible inhibition of glutamine synthetase [1] . In consequence of this enzyme inhibition, there is a rapid accumulation of N H 3 in the leaves and a reduc tion of photosynthesis [2, 3] . The m ajor accum ula tion of ammonia may suggest that NH3 per se is re sponsible for the impairment of photosynthesis, as also postulated by various authors for the treatm ent with MSO [4 -9 ] .
A lthough N H 3 is an entirely physiological sub stance (10) , large amounts are toxic to plants [5, 6 , 11] . Am m onia(um ) interferes with metabolism at various sites. So far, six mechanisms of cell damage have been postulated: 1 ) the uncoupling of photo phosphorylation [12] [13] [14] , The toxic concentration have been reported to be 0.6 mM [10] , 2 mM [11] and even 5 -10 mM [15] ; 2) the confusion of NH 4 with Kthe increased ammonium concentration in the cells caused by adm inistration of PPT correlates with the higher K + permeability [16, 17] ; 3) the inhibition of the photodependent activation of ATP synthetase [18] ; 4) the inhibition of N A D P + reduction [19] , 5) the inhibition of chlorophyll biogenesis [2 0 , 2 1 ] and finally 6 ), the inhibition of cell division [2 2 ].
How ever, the finding that photosynthesis is largely m aintained under non-photorespiratory conditions although considerable amounts of N H 3 are concen trated simultaneously in the leaves suggests that am monia toxicity at least cannot be responsible on its own for the inhibition of photosynthesis. A process connected with photorespiration probably plays a m ajor role. In order to explore more precisely the causes of the inhibition of photosynthesis in PPT treatm ent, i.e . the connection between the inhibition of GS on the one hand and the reduction of CO : fixation on the other hand, we therefore carried out further investigations: exogeneous ammonia was added to protoplasts, chloroplasts and entire leaves.
The correlation betw een inhibition of photosynthesis and N H 3 content could then be com pared with the experim ents in leaves in which the ammonia was generated endogeneously by the action of PPT. In addition, the role of glutamine in connection with the effect of PPT was also investigated.
Material and Methods

Plant material and chemicals
Plants of Valerianella locusta (= Val. olitoria) and Sinapis alba were grown as in [2] , except that the photosynthetically active radiation for Valerianella was about 60 W m~2.
DL-Homoalanin-4yl(methyl)phosphinic acid (PPT, glufosinate, code no. Hoe 035956) was supplied by Hoechst A G (Frankfurt/M ., W est G erm any), see [3] .
Measurements o f photosynthesis
C 0 2-fixation was determ ined with the m ethod p re viously described [23] , experim ents were conducted with the primary leaves. Oxygen evolution of chloro plasts and protoplasts was m easured with an 0 2 -electrode, for the illumination of chloroplasts a red filter was used (R G 610, Schott).
Isolation o f protoplasts and chloroplasts
Protoplasts and chloroplasts were isolated by en zymic digestion, the isolation was approxim ately as described in [24] , Because the photosynthetic activity of the parent tissue is very im portant for yielding chloroplasts and protoplasts with high rates of photo synthesis [24] , first of all leaves of Valerianella were examined with an infrared gas analyser. The experi ments indicated that the best point of harvesting was about 2 1 days after sowing.
For preparing leaf tissue for digestion, the epider mis was rem oved from the lower surface of the leaf. Leaf tissue was put in a 9 cm diam eter petri dish with 10 ml of the enzyme medium (I) containing: 0.5 m sorbitol, 5 mM M ES, 1 mM CaCl2 and furtherm ore 0.5% (w/v) cellulase (O nuzuka R 10), 0.5% (w/v) pectinase (Macerocym R 10), 0.1% (w/v) BSA, 0.05% (w/v) PVP; pH 5.5 (HC1).
Following incubation for VA h at 28 °C, the isola tion medium was gently rem oved (using a pasteur pipette) and discarded. Three times washing with 10 ml of a medium (II) with 0.5 m sorbitol, 5 mM M ES, 1 mM CaCl2; pH 6.0 (K O H ) set the chloro plasts free of the tissue. Undigested tissue was re moved by filtration through 500 |im and 200 ^im nylon meshes. The extract was centrifugated for 1 min and -2 °C at 95 x g , and the pellet was resus pended in a medium (III) containing 0.5 m sorbitol, 30 mM H EPES, 2 mM N a H C 0 3, 1 mM CaCl2; pH 7.6 (KO H ). A further purification by flotation in a stepgradient was not necessary, but for removing isolated chloroplasts which were present due to rupture of protoplasts, the suspension was stored on ice for 25 min, while the protoplasts sedim ented. The super natant was discarded and the pellet resuspended in 1-2 ml of medium III. The protoplasts were stored on ice.
At all steps of the isolation glassware and solutions were kept chilling.
For the isolation of chloroplasts the protoplasts were added 1-2 ml assay medium (IV) containing 0.33 m sorbitol, 50 mM H EPES, 10 mM N a H C 0 3, 2 mM E D T A , 1 mM MgCl2, 1 mM MnCl2; pH 7.6 (K O H ). Then, the protoplasts were passed twice through a 20 ^.m nylon mesh. The extract was cen trifugated for 1 min at 0 °C and 180 Xg; after dis carding the supernatant the pellet was resuspended in 1-2 ml of medium IV.
Intactness assay
The percentage of intact chloroplasts was deter mined from rates of ferricyanide-dependent oxygen evolution before and after osmotic shock [25] ,
Determination o f chlorophyll and ammonia
Chlorophyll of chloroplasts and protoplasts was extracted in 80% acetone and m easured as described in [26] ; ammonia was determ ined as in [3] .
Results
Effect o f exogenous N H 3 on photosynthesis by protoplasts
U nder the microscope, the isolated protoplasts had a regular, round shape; the chloroplasts were arranged close to the plasma m em brane. Even five hours after the isolation, they were fully active in photosynthesis. The rates specified here are general ly mean values of two to three, and sometimes also four light/dark phases. The variations were relatively slight. Over a period of 35-45 min (= 4-5 light/dark phases), the standard deviations were less than 5%. The effect of ammonia on the 0 2 evolution in pro toplasts was tested as follows: A fter a dark phase, the protoplasts were illuminated until a constant rate of photosynthesis had become established. The 0 2 evolution m arkedly decreased after addition of NH 4 C1 com pared to the control. On the other hand, only a slight alteration in the respiration value m eas ured in the subsequent dark phase could be detected. There were different effects when ammonia was added in the light or during a dark phase. The spon taneous consequence of the addition in light is in deed initially a raised 0 2 release. However, after wards the evolution of 0 2 is appreciably reduced. On the other hand, addition of N H 4 C1 in darkness initial ly brings about a short-term elevation of 0 2 con sumption. A constant uptake or evolution of 0 2 is only established after the subsequent illumination phase.
In accordance with these experiments, Fig. 1 shows two different experim ental series with proto plasts of Valerianella: in the one series NH 4 C1 was added in darkness (1 A). In the other series the appli cation was carried out in light (IB ). The unit plotted in percent in the graphs relates to the photosynthetic activity still taking place in the subsequent illumina tion phases.
In light, different pH conditions prevail in the o r ganelles than in darkness. Indeed, a somewhat dif ferent course of the curve could be observed: where as after addition of N H 4 C1 in darkness the rate of photosynthesis was already inhibited by 1 mM NH 4 CI, this concentration of ammonia given in light indeed proved to prom ote photosynthesis. On the other hand, large am ounts of N H 3 had somewhat greater inhibitory effect in light than in darkness.
The ammonia content at the end of the experi ments was determ ined in some experiments. In the low concentrations ( 1 -6 mM N H 3), a reduced N H 3 concentration in relation to the ammonia initially given was always recovered (about 35% less N H 3). This is assumed to be caused at least partly by an assimilation of ammonia taken up externally be means of the G O G AT cycle.
Furtherm ore, it was investigated as to w ether the protoplasts accumulate ammonia. In order to be able to differentiate between the N H 3 concentration localized internally in the cells and the N H 3 concen tration present externally in the ambient medium, we sedimented the protoplasts. The assay revealed that more ammonia was present per unit of volume in the pellet than in the supernatant.
In order to justify the comparison between the protoplast isolations with Valerianella and the meas urements of gas exchange with leaves of Sinapis as the experimental object, some experiments on the 0 2-electrode were also carried out with Sinapis protoplasts. The percentage inhibition of photosyn thesis by ammonia was in the same range as in the Valerianella cells.
Effect o f exogenous N H 3 on photosynthesis by chloroplasts
The chloroplasts were isolated from the proto plasts. The degree of intactness m easured on the oxygen electrode showed values betw een 74% and 100%. (W ith uncoupling, the thylakoids showed rates of about 180 ^imol 0 2 m g-1 Chi IT 1. However, their photosynthetic activity fell rapidly even after a short tim e.)
For an optimal photosynthetic activity, the chloro plasts with an intact envelope (class A) prepared here required a series of reagents which had to be added exogenously: -PPj, its optimal concentration was determ ined to be 4 mM; -Pj, the optimum con centration was astonishingly high (3 m M ); -PG A , its influence on photosynthetic activity revealed a saturation curve, the concentration of 3 mM was used; -in addition, 5 mM oxaloacetate, 1 mM ATP and 1 mM A D P.
With regard to tim e-dependence the chloroplasts were very much more sensitive than the protoplasts. Even a few hours after the isolation, their activity markedly decreased. In illumination with light/dark phases, the organelles showed a relative constant rate of photosynthesis from about the 1 2 th to the 24th minute. W ithin this period, there was then in hibition by ammonia so that no overlarge fluctua tions due to the aging of the chloroplasts could falsify the picture of N H 3 toxicity. Fig. 1C shows the rates of photosynthesis in the chloroplasts in relation to the exogenously added ammonia concentration (the ammonia was added in the dark). It is interesting that the inhibition of chloroplasts resembles the protoplasts treated in light (IB ): the rate of photosynthesis initially rose at low ammonia concentrations. H ow ever, this be havior was still far more pronounced in the chloro plasts, in which the 0 2 evolution was raised by an average of 26% on addition of 1 mM ammonia. It was still stim ulated by 4% even at an N H 3 content of 2 mM . In addition, a long lag phase of photosynthesis after the addition of N H 3 (not shown) was striking in these experim ents; this could already be observed in Pisum sativum chloroplasts [14] .
Effect o f P P T and Gin on photosynthesis by intact leaves
It was shown in previous experiments with PPT treated leaves that photosynthesis was totally inhib ited under photorespiratory conditions (2 1 % 0 2) while under non-photorespiratory conditions (2 % 0 2) the photosynthetic activity was largely m ain tained, although considerable amounts of N H 3 were concentrated at the same time in the plants. In order to study the influence of Gin on the inhibition of photosynthesis by PPT, experiments were carried out in which the leaves were supplied with PPT and 50 mM Gin via the petiole. Fig. 2 shows the results compared to those of PPT treated leaves. It was found that the addition of Gin stimulated the ac cumulation of N H 3. A fter 1 h with PPT + Gin 46 ± 9 (j,mol N H 3 g-1 fr. wt. and with PPT alone 31 ± 6 fxmol NH 3 g_1 fr. wt. were generated. Already the control plants supplied with 50 mM Gin showed more than the double content of N H 3 compared to those plants that were only treated by w ater (12 ± 4 and 5 ± 0.5 fxmol N H 3 g-1 fr. wt. respectively). A fter the application with PPT and Gin rem arkable amounts of ammonia were accumulated. Nevertheless the CO? fixation was largely m aintained. The absolute initial rates were 45 ± 5 mmol C 0 2 m -2 h -1 (treated) and 41 ± 4 mmol C 0 2 m~2 h _ 1 (control). Fig. 3 shows a series of experiments in which N H 3 was exogenously supplied to the leaves via the petiole. The concentrations applied were 40 and 60 m M . A t the end of the experiments the N H 3 con tent of the leaves was determ ined. The initial rate of photosynthesis was 44 ± 5 mmol C 0 2 m -2 h -1. The resulting graph was very similar to the curve ob tained with PPT + Gin treated leaves. In plants, treated with PPT alone, photosynthesis was totally inhibited at simultaneous N H 3 concentrations of 30-40 jj,mol g-1 fresh weight. The additional treat ment with Gin kept the photosynthetic activity -in the same range of N H 3 concentration -to 70% of the control. In plants supplied with exogenous N H 3, photosynthesis was maintained to 85% at this N H 3 content.
Effect o f N H 3 on photosynthesis by intact leaves
In Table I the inhibition of photosynthesis at a simultaneous ammonia concentration of 30 mM is summarized for the different experim ental series with protoplasts, chloroplasts and intact leaves. 
Photosynthesis[ % of initial rate]
Photosynthesis [ % of initial rate] Time [min]
Discussion
The effect o f exogenous N H 3 on chloroplasts
The effect of ammonia on photosynthesis in chloroplasts depends on its concentration (Fig. lc ) . Large amounts of ammonia give rise to total un coupling. This also results in inhibition of photosyn thesis: half-maximum 0 2 evolution was observed at 8 -9 mM N H 3. The degree of inhibition of photosyn thesis at a certain ammonia concentration evidently also differs greatly within the same plant species: some authors found with pea chloroplasts that photo synthesis at 10 mM NH3 was only 21% of controls [8 ] . O ther investigators observed half-maximum inhibi tion only at an N H 3 content of 15 mM [14] . On the other hand, small amounts of ammonia bring about an intensification of 0 2 evolution. This phenom enon was already discovered in earlier studies on thylakoids, and has also been discussed [15, 2 7 -2 9 ].
The effect o f exogenous NH3 on protoplasts
Even in protoplasts, extracellular N H 3 in high con centrations also brings about an inhibition of photo synthesis. Initially, a stimulatory effect is likewise noticeable here. If N H 3 is added in the dark, it im mediately gives rise to a greater 0 2 consumption. It is probably attributable to the uncoupling of oxida tive phosphorylation which initially brings about a stimulation of mitochondrial electron transport. On the other hand, on addition of N H 3 in light, there is initially a greater 0 2 release. This might possibly be due to uncoupling of photosynthesis.
In protoplasts to which NH4C1 is added in light, exactly as in the chloroplasts low ammonia concen trations lead to a lasting increase of 0 2 evolution (Fig. 1B) . This is not the case when N H 4 C1 is applied in darkness (Fig. 1 A) . It is understandable owing to the buffering action of the cytosol that the half-max imum inhibition values of photosynthesis (13 mM in the dark and 11 mM N H 3 in light) are somewhat high er than in the chloroplasts.
The role o f N H 3 in inhibition o f photosynthesis by P P T
These experim ents with chloroplasts and proto plasts in which the exogenously added ammonia thus alone led to inhibition of photosynthesis could then be com pared with experiments on leaves poisoned with PPT in which the N H 3 was endogenously ac cum ulated by the action of PPT. A t low ammonia concentrations, it is observed that the protoplasts are indeed dam aged somewhat sooner than the leaves. This can be explained as has been described above in that the protoplasts evidently act as an ammonia trap.
In the region of larger amounts of ammonia, photosynthesis in the leaf already stops at NH 3 con centrations which still allow a certain amount of photosynthesis in protoplasts. However, the C 0 2 fix ation rates are investigated with the leaves on the U R AS, whereas the experiments with protoplasts in volve oxygen m easurements. In this situation, the electrons are able not only to serve for C 0 2 reduc tion, but also for ammonia assimilation. A nderson and W alker [30] were able to dem onstrate an ammonium-2 -oxoglutarate-dependent 0 2 evolution in a magnitude of 6 -11 |j,mol 0 2 mg-1 Chi h -1 in a recon stituted spinach chloroplast system. For comparison, in protoplasts, the oxygen evolution is still about 23% in a N H 3-range in which the leaf photosynthesis is completely inhibited (40 m M ) . If an absolute rate of only 100 |a,mol 0 2 mg-1 Chi h -1 is assumed (photo synthetic activities were very much higher in most cases), this would entail a C 0 2-independent 0 2 de velopm ent of 23 jxmol 0 2 mg-1 Chi h _1. However, this value is just three times higher than that deter mined in [30] for ammonia assimilation. A certain percentage of the released electrons indicated by the oxygen evolution must indeed be used for photosyn thesis. This finding indicates that another mechanism than N H 3 toxicity must be involved in the damage to photosynthesis by PPT.
This was also suggested by the experim ents which were carried out under non-photorespiratory condi tions [3] . If one assumes e.g. an ammonia concentra tion of 30 mM then it is shown that the C 0 2 fixation in 2% 0 2 was only reduced by 20%. On the other hand, under photorespiratory conditions only 7% of the initial rate of photosynthesis was present at this N H 3 content (Table I) .
These results clearly show that it is not only the effect of N H 3 p er se which is responsible for the photosynthetic damage. In addition, the fact that photosynthesis remains largely intact under nonphotorespiratory conditions leads to the assumption that some process in connection with photorespira tion must finally cause the toxicity of PPT.
Toxic processes resulting from the effect o f P P T
O ur investigations showed that transpiration re mains largely the same in treated plants and controls, so that a PPT-induced closure of the stom ata can be ruled out as the cause of the inhibition of photosyn thesis. In rare cases, stomatal resistance is somewhat raised. However, as was also observed with MSO, the stom ata are never entirely closed [6 , 31, 32] .
It is known that chemical or genetic inhibition of the photorespiration cycle is a toxic process for the plant [33] . Inhibition of glutamine synthetase as an enzyme of the photorespiratory N cycle leads on the one hand to accumulation of N H 3, but on the other hand also to suppression of glutamine synthesis. Via the reaction with OG to Glu, transam inations occur from this amino acid. Indeed, various authors have detected a m ajor decrease in concentration of many amino acids after inhibition of GS by MSO [34] [35] [36] [37] .
If these G in-dependent reactions are in fact re sponsible for the damage to photosynthesis by PPT, inhibition would have to be reduced when Gin is applied in addition to PPT.
Investigations o f G in-dependent processes in inhibition o f photosynthesis by P P T
Leaves to which 1 mM PPT and 50 mM Gin were added still showed a high photosynthetic activity de spite a more than three times higher ammonia con centration compared to the leaves treated with PPT alone (Fig. 2 ). In the range in which leaves provided with PPT are already totally damaged, photosyn thesis in additional Gin administration is still roughly 7 0 -8 0 % of the initial rate. This proportion is thus caused by the collapse of the Gin-dependent reac tions. The residual inhibition (i.e. 2 0 -3 0 % ) is then attributable to the ammonia toxicity. The addition of Gin to the herbicide evidently has a protective effect on the plants. The exogenously added Gin probably provides the amino nitrogen for the transaminations.
A further confirmation of this notion are experi ments in which exogenous N H 3 was applied to the leaves via the petiole (Fig. 3) . Even at very high N H 3 concentrations, there is only a relatively small de cline in photosynthesis. Just like the action of ex ogenous Gin, this is also in agreement with the result on plants treated with MSO [32, 36, 38] . In accord ance with expectations, the inhibition curve for N H 3 reveals a similar course to that in plants treated with PPT + Gin: in both cases, the decrease in photosyn thesis is finally attributable to the NH 3 toxicity alone. Am m onia, exogenously added or produced endoge nously by addition of PPT and Gin thus causes a com parable inhibition of photosynthesis.
Accordingly, the lack of Gin is essentially respon sible for the early damage to photosynthesis by PPT. On the one hand, transamidations are no longer pos sible. However, this is improbable to play a role in the rapid toxic effect of the herbicide. On the other hand, the lack of transam inations has a fatal effect on photosynthesis. The Glu required for this depends on resupply on the basis of Gin. However, Glu itself is indeed subject to a raised metabolism during inhi bition of GS [32] , so that it is no longer available for the transam inations. This disturbance of amino acid metabolism might act on photosynthesis in a differ ent way (Fig. 4): 1) Inhibition of protein biosynthesis. The Q B pro tein involved in electron transport displays a very high, light dependent turnover [39, 40] . A lack of regeneration of these redox component would result in a collaps of electron transport.
An amino donor would not longer be present even for the transam ination of glyoxylate. However, since the oxygenase reaction nevertheless occurs under photorespiratory conditions, the falling apparent rate of C 0 2 fixation might be a result of direct C 0 2 release from glyoxylate [41, 2) Toxic glyoxylate accumulation. Finally, another possibility is the accumulation of glyoxylate. It is a reversible inhibitor of RubP carboxylase/oxygenase [43] : at a concentration of 10 mM, a 50% inhibition of the enzyme already occurs after 2 min. This find ing is supported by experiments on A rabidopsis mutants with damage of the serine-glyoxylate am ino transferase [44] ,
3)
Lack of interm ediates of the Calvin cycle. Lack of active GS or any other enzyme which prevents regeneration of the carbon channelled into the photorespiration cycle by the oxygenase reaction fi nally results in a lack of RubP for the Calvin cycle. This might also be a factor contributing to the inhibi tion of photosynthesis (for MSO: [34, 36] ).
